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Meeting November 8 1960 Discussion on Normal and Abnormal Willed Movement Dr A J Buller (London) Sir Charles Sherrington maintained that all movements were superimposed on a background of muscle tone, the degree and extent of which varied from movement to movement. To-day this view is generally held, and whether one is considering normal or abnormal movements, willed or otherwise, the degree and distribution of the accompanying muscle tone are of singular importance. However, a recurring problem is the nature of muscle tone. Tone has received many definitions, both from clinicians and physiologists, and will be used here to signify the resistance to stretch offered by striated muscle in situ. This resistance to stretch is what the clinician attempts to estimatementally freed from influences due to joints and ligamentswhen he manipulates the limbs of a patient during the course of a neurological examination, and it is with the mechanisms underlying this resistance that this paper will be concerned.
Part of the resistance to stretch offered by striated muscle in situ is due to the stretch reflex. From Sherrington's time this reflex has been subdivided into the phasic stretch reflex and the static stretch reflex. The former is the reflex contraction to sudden transient stretch, while the latter is the outcome of prolonged or maintained stretch.
Clinically the sensitivity of the phasic stretch reflex may be estimated by eliciting the tendonjerk. The reflex pathway involved is illustrated diagrammatically in Fig 1. The afferent neurons are mainly fast-conductingand therefore large diameternerve fibres, arising from the primary annulospiral endings within the muscle spindles. These afferent fibres pass through the grey matter of the spinal cord to end monosynaptically almost exclusively on the large anterior horn cells of the motor neuron pool innervating the muscle from which the afferent fibres originate (Lloyd 1943) . For this reason the stretch reflex is more or less the slow conducting, small diameter motor fibres which arise from small anterior horn cells, and which innervate the specialized intrafusal muscle fibres within the muscle spindles. It is by varying the discharge along these small motor fibres that the degree of shortening of the intrafusal muscle fibres may be altered, and the sensitivityor biasof the primary annulospiral endings to superimposed stretch thereby varied. Indeed the gamma system, which includes the small anterior horn cells, their axons and the specialized intrafusal muscle fibres which they supply, provides a means by which the sensitivity of the phasic stretch reflex may be varied. That the gamma system of man is con-tinuously active during the waking state may be inferred from the experiments of Buller & Dornhorst (1959) , while experiments suggesting that the degree of gamma system activity may be increased during reinforcement have been carried out by Somner (1940) , Paillard (1955) and Buller & Dornhorst (1957) . Benson (1959) has similarly inferred changing gamma bias during labyrinthine reflexes in man. These changes in small anterior horn cell activity are presumably produced by changing patterns of descending extrapyramidal impulses, and it would appear that the supraspinal control of the phasic stretch reflex is exerted dominantly via the gamma system, and not by altering the excitability of the large anterior horn cells.
As previously stated the static stretch reflex response is the outcome of prolonged stretch, which, since the primary annulospiral endings are slowly adapting sense organs, involves a prolonged afferent discharge. When the afferent discharge from a muscle spindle is longer in duration than a few milliseconds some additional nervous pathways must be added to the reflex already considered. These are illustrated in Fig 2, these additional pathways play a negligible part in determining the response to phasic stretch, they may so modify the reflex response to prolonged stretch as to render the static stretch reflex partially independent of the gamma system. The additions are, first, the slower conducting afferent fibres, originating in muscle spindles and reaching the anterior horn cells only through interneurons (Hunt 1954 ) and, secondly, the Renshaw loop (Renshaw 1941). The former, by introducing an interneuron into the reflex arc brings the static stretch reflex under supraspinal control (Eccles & Lundberg 1959 ) the influence of which may vary independently of the supraspinal control of the gamma system. The latter, by producing a recurrent inhibition of the motor neuron pool following the discharge of some or all the same motor neurons, may serve to stabilizeat a lower level than would otherwise occurthe prolonged motor discharge of the static stretch reflex (Holmgren & Merton 1954) . That the phasic and static stretch reflexes possess the necessary anatomical connexion to allow at least their partial independence should cause no surprise to clinicians, since the independence of tendon-jerk and clinically estimated muscle tone is well recognized. Thus, although tendon-jerk and tone often change similarlyfor example, hyperreflexia associated with hypertonushyperreflexia may be found with hypotonus, as in early hemiplegia (Buller 1957) , or normal tendon-jerks may be associated with hypertonus as in paralysis agitans.
and while
From what has been said it might be imagined that the mechanisms of the tendon-jerk and muscle tone as estimated clinically were completely understood, but several problems remain. These problems centre mainly on whether the clinical method of estimating tone by manipulating a patient's limbs elicits the static stretch reflex. While there seems no doubt that in many hypertonic states reflex electrical activity may be detected in the stretched muscles (Rushworth 1960) , Weddell et al. (1944) demonstrated many years ago that no motor unit activity could be recorded from the stretched muscles of normal individuals who were instructed to relax during the clinical estimation of their muscle tone. More recently Hammond (1957) has demonstrated the independent control of the phasic and static stretch reflexes in man, and has shown that if a normal subject is instructed to relax, the static stretch reflex response is completely or greatly reduced in magnitude even with rapid muscle stretch. As yet unpublished observations by J Foley on the resistance to stretch of the gastrocnemius-soleus muscle group of spastic, normal and denervated subjects have shown two relevant points. Firstly, in spastic subjects the extent of the reflex electrical motor unit activity did not appear to correlate with the measured resistance to stretch either in duration or intensity. Secondly, the decreased resistance to stretch found in chronically denervated subjects could not be mimicked by acute denervation using local anasthetics. It appears that flaccidity takes time to develop. At this point it is pertinent to enquire what characteristics of a muscle other than its stretch reflexes are involved during stretch. Obviously the physical characteristics of the muscle will partially determine the response to stretch, but whether these properties are influenced by innervation is not in general known. However, at the purely speculative level it is interesting to note that increasing evidence is available to indicate that the innervation of striated muscle fibres may exert a profound influence on the muscle apparently independently of nerve impulse activity or acetylcholine liberation. Two examples will be given of such nervous influence. (1) Miledi (1960) has shown that during the reinnervation of a denervated muscle fibre a period exists when the hypersensitivity of the denervated fibre to acetylcholine is greatly reduced, although no effect can be produced on the muscle fibre by nerve stimulation. This effect he interprets as due to some factor other than acetylcholine passing from the nerve to the muscle fibre in the absence of neuromuscular transmission.
(2) The second example concerns the slow and fast striated muscles of the adult cat. In this animal soleus is a slow muscle, its twitch contraction rising slowlyin about 80 millisecondsto peak tension, and then as slowly relaxing. In contrast flexor digitorum longus is a fast muscle, its twitch developing peak tension in about 26 milliseconds, and then as rapidly relaxing. Buller et al. (1960) have shown that if the motor nerves to soleus and flexor digitorum longus are divided and then cross-united, soleus becomes a fast muscle and flexor digitorum longus a slow muscle. This effect they interpret as due to a chemical substance which passes from the nerve fibre to the muscle fibre and determines the latter's speed of contraction. Again this process is thought to be independent of electrical nervous activity. With such evidence for 'trophic' influences of nerve on muscle fibres it is not impossible to imagine that the state of innervation of a muscle fibre, and also perhaps the characteristics of the innervating motor neuron, might influence the physical properties of the muscle independently of nerve impulse activity. Any such variation would normally be summated with the stretch reflex in determining the total resistance of a muscle to stretch.
To summarize, the resistance to stretch offered by striated muscle in situ consists of at least two components, the first due to the physical characteristics of the muscle fibres, which may vary with their innervation, the second due to the stretch reflex. The static stretch reflex is normally under supraspinal control, and the evidence at present available suggests that when asked to relax a normal subject can suppress the reflex motor discharge. Under such circumstances the clinical estimation of muscle tone would measure chiefly the rheological properties of the fibres. If a muscle becomes denervated then, due to the absence of nervous influence over a certain time, the rheological properties of the fibres might change and hypotonus be detected clinically. With other pathological states the static stretch reflex becomes hyperactive and the reflex motor discharge cannot be volitionally inhibited. Under such circumstances hypertonus may be detected clinically, and the increased tone may be dominantly due to reflex motor unit activity in the stretched muscles.
Dr 0 C J Lippold (London)
Tremor Normal voluntary muscular activity in man and other mammals has for a long time been known to have a superimposed rhythmical tendency. The predominant frequency in man is about 9 per second and this was first described by Horsley & Schafer (1886) .
Possible Mechanisms to Accountfor Tremor One theory to account for tremor is based on the assumption that the firing of the motor cortex is modulated by the precentral a-rhythm. This has a frequency about 10/sec, but it has been shown that there is no correspondence between tremor oscillations in a limb and any electrical waveforms that can be recorded from the brain (Lindqvist/1941 ). Usually frequency analysis shows that tremor is slightly slower than a-rhythm and it is clear that there is no constant phase relationship. Moreover, the a-slowing which results from overbreathing is not accompanied by a change in tremor frequency.
Another explanation which has been put forward is that the spinal cord generates the rhythm of tremor. It is known that continuous medullary stimulation will drive motor neurons at about 10/sec independently of the frequency of this stimulation (Bernhard et al. 1947) . Normal spinal motor neurons discharge at about 10/sec under certain circumstances and it is postulated that synchronization occurring within the motor neuron pool might produce mechanical oscillations at this frequency. There is, however, evidence which does not fit this scheme. First, motor units in muscle seem to fire at from 20 to 40/sec; in normal voluntary contraction it is quite rare to find a unit discharging at less than 10/sec unless the muscle is relaxed and not exerting external tension (Bigland & Lippold 1954) . Also, motor unit frequency rises as the strength of contraction increases, so that tremor would be expected to change in frequency with contraction strength. This does not happen.
A third view is that the resonant frequency of the muscle itself, or that of the limb, determines tremor. Different muscles do show slightly different frequencies but if the inertia of a limb is altered by putting weights on it the tremor rate remains constant (Halliday & Redfearn 1956 ).
The Servo-loop Hypothesis The most likely mechanism giving rise to physiological tremor is to be found in the servo-loop controlling muscle length. Tremor is largely determined by oscillation in the stretch reflex system. This can be pictured as a control mechanism (like a steam engine governor or a thermostat) which gives an 'error' signal when any muscular contraction is of greater or smaller excursion than it should be (Hammond et al. 1956 ). In common with many other similar control systems, the muscle servo shows small oscillations about the mean required level.
The experimental evidence for this is based on the fact that it is possible to alter tremor rate considerably by changing peripheral conditions in the muscle. The duration of a muscle twitch can be prolonged in a muscle without influencing nervous mechanisms either in the spinal cord or in the motor nerve supply. If a human limb is cooled in a suitable water bath, twitch time increases with no change in reflex time, and frequency analysis shows that the tremor is slower. Lippold et al. (1957) showed that cooling the calf muscles in water at 7-5°C slowed their tremor from the normal 9 c/s rhythm to 6 c/s; moreover they recorded from m. gastrocnemius, in phase with the mechanical oscillations, bursts of action potentials which also decreased in frequency with cooling. These authors argued from these and similar findings that the effect of local cooling was upon the stretch reflex and hence that tremor was dependent upon the activity in the reflex arc.
The Effect ofDeafferentation If this explanation of the factors causing tremor is ,correct, it must be possible to abolish tremor by deafferenting a muscle. Lippold et al. (1959a) performed this experiment in cats. Frequency analysis of the tension records taken after the appropriate dorsal roots were cut indicates that although the general amount of muscular activity was unaltered the rhythmical tremor peak (at about 15/sec in the cat) wasc ompletely abolished. Similarly, a detailed frequency analysis of tremor in tabetic subjects showed that although there might often be more muscular activity than in normals, there was no rhythmical component with its peak at 7/sec to 9/sec (Halliday & Redfearn 1958) .
Other Forms of Tremor
It is interesting to note that other forms of tremor have similar characteristics. Thus the muscular activity of shivering, thyrotoxic tremor and emotional tremor all have a similar amplitudefrequency spectrum (Lippold et al. 1959b) .
Oscillation in a feed-back system tends to occur at a frequency of twice the total delay (between a stimulus and its reflex response). This fits the facts observed in the case of the muscle servo. In a human muscle such as the gastrocnemius, action potential bursts occur at 110 msec intervals. Each burst contracts the muscle which is then fully shortened 50 msec later. 25 msec after this, the spindles discharge as a result of lengthening due to passive stretching of the series elastic component. This allows 35 msec for the reflex time, a value found normally in the case of the gastrocnemius.
To keep oscillation to a minimum, engineers customarily employ 'velocity-sensitive' feed back; the main discharge of muscle spindles in fact occurs when the velocity of lengthening of the muscle is at its maximum.
Dr A Taylor (London)
It has been clearly demonstrated by Lippold et al. (1957) that the grouping of action potentials in the electromyogram is directly related to the 10 c/s component of physiological tremor. They believed that the tendency to synchronization resulted from stretch reflex oscillation. I have been interested to see whether this grouping might be used to reveal stretch reflex function in various muscles, especially those of respiration. In fact, an appearance of grouping does occur in electrical recordings from the diaphragm and intercostal muscles in conscious human subjects and in anesthetized or decerebrate cats and rabbits. However, in the cat, I have found that the grouping persists in the diaphragm after its complete deafferentation, and in recordings from phrenic motor neurons after curare paralysis. Attempts to estimate the significance of the appearance of grouping have shown that it could occur by chance association of the firings of different motor units, unrelated but for their tendency to fire at approximately equal frequencies. That this can happen has been illustrated with an electronic model with six entirely independent units. It seems possible that chance synchronization of units can give the impression of powerful rhythmic modulation, which would be accompanied by tremor provided the frequency of firing were below the twitch fusion frequency. The Design ofPreclinical Animal Tests It is only during the last fifty years that nearly all drugs have been tested in animals before their first administration to man. The two reasons why such animal tests are essential are well known. The first is the low predictability of drug usefulness: many thousands of compounds may be tested before an active drug is found. Such tests could not be done in man. The second reason is the low predictability of drug safety: a high proportion of chemical substances are poisonous; so, unfortunately, are many substances found active as drugs in animals. Careful demonstration of probable activity and probable safety is therefore necessary before any new drug is given to man for the first time.
The first administration of a new drug to man cannot be freed entirely from hazard or justified beyond doubt by any demonstration, however careful, of activity and safety in animals (Paget 1958), but care and skill can reduce hazard and doubt to low and acceptable proportions. The animal worker must accept responsibility only slightly less than that of the clinician: he must believe that his drug is likely to benefit and unlikely to harm the patient before he proposes it for trial, and his experiments must be designed to test these beliefs, and indeed to weaken rather than strengthen them.
The design of his experiments must clearly begin with a decision about his target. Since most pharmacologists who look for new drugs are industrial pharmacologists commercial interest may affect this decision, though not necessarily adversely. The interests of patient, clinician and manufacturer are identical, and are to have the best and least imitative drug possible.
This may seem to suggest that the first intention of the comparative pharmacologist should be to discover a completely new chemical with a novel mode of action against an affliction for which no drug yet exists: for example, a streptomycin or a griseofulvin. As a somewhat easier alternative he might look for a completely new chemical with a novel mode of action in an affliction already partly susceptible to drug treatment: for example a proguanil or a bretylium. He might be expected to reject the ignoble ambition of changing a methyl for an ethyl group in the structure of the twenty-fourth phenothiazine tranquillizer, and, after a few simple tests of introducing the twentyfifth phenothiazine tranquillizer. I am not sure that this obvious and attractive decision is always correct. There are two reasons for thinking that some attention should be paid to close imitation of known drugs. The first reason is that work very unlikely to succeed must always be balanced against work more likely to succeed. The best interest of humanity would not be served if all biologists and all chemists worked on cancer: some should work on improved tranquillizers, and some, though perhaps fewer, on improved phenothiazines. The second reason is that the first drug of a new type is rarely perfect and might be perfected by near imitation. Whether these reasons are valid or not it seems inevitable that
